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SUMMARY OF STUDIES

Under the NASA Grant NGR 09-140-017, petrological studies
have been carried out on the Apollo, 14, 15, 16 and 1?-samp1es,‘
The experimehtal studies'have alsc been made 6n Allende carbo-
aceous chondrite and model moon compositions. The follbwing
is a summary of those -studies.l | | |

In the studies of the Apollo 14 samples; the melting ex-
periments have beén carried out on high-alumina basalt 14310 in
the pressure range 5 to 30 kilobérs. The liquidus phase deter-
hinéd under anhydrous conditions is plagioclase ﬁp to about 10 kb,
spinel between 10 and 26 kb, and garn;at above 20 kb, Whén plotted in tﬁe
system olivineaanorthite—silica,the 14310 high-alumina basalt
'as well as other feldspathic basalts from the lunar highlands

are separated from ultramafic composiﬁions,including those of
pyroxenite and peridotite, by a low-temperature trough. The high- -
alumina and feldspathic basalts, therefore, cannot be génerated
by direct partial melting of the lunar ultramafic mantle.

They may héve been generated by complete meltiné or by a iarge
degree of_partial melti'ng of pre-existing plagiocl.ase— or spinel-
cumulate rocks which had probably peen formed by a large~scale
~differentiation in the shallow parts of the lunar interior,

| Melting ‘expériments have also been made on a syrnthetic

alkali-enriched 14310 composition, and it was found that the
liguid of this alkali-enriched compbsition'is close to the co-

tectic boundary of olivine, pyroxzne and plagioclase at about 4 kb,



The results imply'tha{ if significant amocunts éf.alkaiis (~J2{5'
wt % NéEO and about 1% K20} were losﬁ before solidification of
“the high-alumina basalt, as suggested byfﬁéagggfjﬂgijﬁgﬁgﬂ(1971),
the original magma could have been formed by.direcf partial melt-
~ing of the lunar mantle at deptﬁs of about TOlkm.' The COmpoe
sition of dlivine crystallized near the liquidus in the. exper1~.
‘ments at about 4 kb is Fo 9901 lmhﬁatu% that the Fe/(Mg+Fe) ratio
of the source rocks of the high-alumina begalts is about 0.1
which,islnot ﬁuch:different from that of the earth's upper mantle.

In the studies of the Apollo 15 samples, three crYstaliine
rocks (15016, 15476 and 15545) have been analyzed with the elec-
tron microprobe, and the melting experiments have been made on
rock 15016,‘one.of the typical mare-type basalts with very few
olivine phenocrysts. '

Pigeonite porphyry 15476 contains large prismatic phenocrysts
of pigecnite‘with_rims of subcalcic augite, which hé#e been stud- .
ied in‘detail. The Al and Ti contents.in both pigeonite and sub-
calcic augite increase as crystallization.proceeds; however, the
Al content in subcalcic auglte drops drastlcally when plagloclase
starts to crystallize. The Ti/Al ratic increases continucusly
with‘cpystallization and exceeds 0.5 when the Fe/(Mg + Fe) of
subcalcic augite | is greater than 0.5. These .relatibng are alsoc found for
‘subcalcic augite ang piggonite in rocks'15016_and 15545.‘ These facts
indicate that the oxygen fugacity decreases significantly during

the crystallization of basalts 15016, 15476 and 15545. From the



| detailed study on pyroxenes in rock 15476, it isksuggested‘that
‘pigeonite started its crystallization béneath the lunar surface
and grew relatively slowly from the basaltic melt. Subecalecie
augite began to form by the feéction of pigeonite with the melt.
Beforé'the completion of the reaction,-the_magma'was;extruded on.
to the lunar surface, where it Crystallized_under‘vefy'reducing
conditions. Plagioeclase cryétallized rapidly and,irbn—rich'pyroxé-l
enes'cryqtallized metastably B |

The melting experiments of basalt 15016 show that 011v1ne
: (FOTO 72) is on the liquidus oOr a near-liquidus phase up to ahout |
11 kbar. The second phase to crystallize is chromlan spinelnﬂ
followed by pigeonitic clinopyroxene. From these experimental
results, it is sﬁggestéd that the source material of this basalt
.must have contained relatively iron-rich olivine, provided that
~the basalt was formed by melting in the lunar interior and its
bulk composition was not significantly modified by the later crys-
tallization process. | | |

In the,sfudies of the Apollo 16 saﬁples, petfography, elec-

tron microprobé analysis'and highépressure melting'experiments,
have been made on cataclastic anorthosite 60025,lrecry5tallized
breccia 60315, feldspathic basalt 68416 and fine-grained spinel
troctolite 62295. Tthe following conclusions have been obtalned as a .
result of these studies. _

Cataclastic anorthosite 60025 probably'formed by accumulation
.of calcic plagloclase, and small amounts of trapped interstitial

liguid crystalllzed to plagloclase, auglte hypersthene;and
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'pigeonité.‘ Subsolidué reequilibration pricr to brecciation re-
sulted in the breakdown of pigeonite to augite'and hypersthene.
Hecrystallized breccia 60315 probably formed near the bése;of a
large impact ejecta blanket. Thé presence of a small amo’uﬁt_r of Jén-
terstitial melt islsﬁrongly éuggested.. Crystallizafion of ortho~
pyroxene poikilobiasts concentrated in the Vmelt, which cr;”)-rs“talli{.zed
with a well developed dolerite texture. The cr&étéllizaﬁion‘
temperature is estimatéd to be ab;ut 1100° C. Fine;grained,'in—
tersertal, feldspathic basalt 68416 was most probably formed by
rapid crystallization of a melt generated by melting of a plagio-
clase~cunulate rock. Fine-grained spinel troctolite 62295 was
formed by rapid crystallization of a mafic magma with a high
' Mg/Fe ratio that fnay have been derived by partial melting of a
plagioclase- and spinel- bearing peridotite under anhydrous.COnQ
~ditions. ‘The presence of xenocrystic calcic plagioclase (An98_94)
and chromian spinel suggests contamination by pre-existing
.anérthositic matérial. |

The liquidus rélations of spinel tfodtolite-62295 havé been.
determined at pressures between 5 and 12.5 kbar and in the tempera-
ture range 1220”_and_1375°0, Spinel is on the liguidus and is
"folloﬁéd by olivine, plagiocalse and pyroxene with decreasing
temperature at pfeesures lower than 7 kbar. From the experimental
:reéuits,'it is suggested that the temperature of the magma at
eruption was between 1260° and 1230°C. -However{ if all pheno-
drystic plagioclase crystallized during the quenching on the lunar

surface, the temperature of the magma could have beenfas'high as



1310°C. The melt of rock 62295 after subtractibﬁ of xenocrystic
spinel and plagioclasé is close to the cotectic boundary of
plivine and spinel and the four-phase boundary'dlivine+5pinel+
anorthite+liquid at pressures less than 7 kbér:'suggesting,that
the magma of spinel troctolite composition could be formed by
partial meltlng of plagioclase perldotlte or an olivine gabbro'
‘with a low Ca-rich pyroxene. Complete meltlng of a pre—existlng
spinel troctollte by impact is another possible mechanlsm although'.
the presence of xenocrystlc splnel and plagloclase may be more |
dlfflcult to explain. ' _ . _

From the fact that the composition of manj  highiand—;ype.
rocks including anorthosite, feldspathic'basalt and anorthositic’
gabbro lie between anorthite and fmpﬁphése"boundary olivihe#
spine1+anorthite+liquié, it is suggested that thesefhighland~type
rocks may have been formed by plagioclase accumuiation (or float-
~ation) in.a magma close in composition to the .foupqﬁmse-boﬁnd_
ary or 62295. The melting eiperiments have.algo been made on
'feidspathic‘basalt 68416. The results.support the above suggestion,
although basalt 68416 was probably remelted by impact after ac- |
-cumulation of plagioclase,

| In the studies of the Apollo 17 samples, petrographié étudies
with detailed eleétron miérOPfobe analysis have been carried out
-.on mare-type basalts 70017 and 74275, paftly crushed gabbro and
anorthosite 77017, and ﬁreccia 7323%9.
The sequences of crystallization of principél minerals in

two mare-type basalts are as follows: olivine, spinel — armalcolite



— pyroxene, ilmenite-+‘p1agioclase (74275) and dlivine, spinel

~ armalcolite—é pyroxene;a plagiotlase — ilmenite (70017}, '
f&roxeﬁe is augite - subcalcic augite in 74275, and both pigeonite
‘and augite-subcalcic augite in 70017. These differences may be
explained by differences in their cooling histories; rock 74275
cooled much more rapidly than rock 70017.7_Titénaugites.in 14275
. contain approximétely twice.as much Ti as those in 70017. This

is probably a resulf'of higher Al activity in fhe'74275'melt.
brought about by supercocoling Qith respéct to_plagioclase_dué to
rapid cooling.

Rock 77017, a breccia consisting principally of gabbro and
‘tfoctolitic anorthosite, is partly sﬁrrounded'and invaded by dark
brown mare basalt.glass. In addition, the breccia containsrsmall_
irregular veinlets of pale brown to colorless glass. The pale
_glaSSJhas‘a composition similar‘to that of the hiyﬂan¢4wpe,tmgh-
alumina basalt (e.g., 14310). Because the liquidus uemperature
of the hlghaalumlna basalt melt is considerably hlgher than that
of mare-type basalts, the high-alumina basalt melt was not formed
by heat from surrounding mare-basalt magma, but was formed by
impact melting of 77017 gabbro. Such a melting proéess could be a
source‘of lunar high-alumina_basalts.'

The experimental study of model moon compositions was
‘made to understand the differentiation historieé'and the structure
lof the moon. The matefials or compositions chosen for the study
care (1) Ca- and Al-rich aggregates of the Allende carbomaceous

chondrite, (2) the moon composition proposed by Krdhenbuhl et al.



- (1973) and the revised moon composition by danapaéhy and Anders
(1974a). The results of melting expériments on the Ca- and Al-
rich aggregates indicate that spinel and aluminous clinopyroxene
- céexist with silica-poor, Ca-rich melt ovefia‘wide preSsurehand_
temperature range. At sﬁbsolidué temperétures; sﬁihgl'bﬁd”clino_
pyroxene crystallize wi_th or withput; gehlenite-rich melilite and. énorthitg.
If the moon consists of this material, the moon must contain a .
significant amount of meliiite at shallow depths (< 300 kﬁ); énd.
spinel and clinopyrqxene in the deeper parts. Such a lunar in-
‘terior would produce highly silica-undersaturated, Ca-rich magmas,
thé compositions of which are unlike any known lunar rocks. 1In
addition, suchjlunar interior cannot pfoduce mare-type baéalts.
Thus, the Ca- and Al-rich aggregates of the Allende chondrite or
chémically similar materials cannot be'the dominant components of
the moon.

The model moon'compOSition (2} has been'examined using the
3:2 mixture of the Allende bulk sample agd its Cé—\and Al-rich
aggregates. - The results of melting experiments indicate that
oliviné,-spinel and Ca-rich clinopyroxene crystallize with de—.
creasing temperature at pressures between 1 atﬁ ahd 5 kbar. Nol
~plagioclase erystallizes even very near the solidus. From these‘
-results it is apparent that this material contalnlng only a few
wt. % normatlve plagloclase cannot yield the 65 km-thick ~anortho-
Vsitlc crust. even 1f the entire moon was melted and differentiated
‘The model moon oomp081t10n (3) crystalllzes o0livine, ortho-

pyroxene, clanpyroxene and plagioclase with decrea31ng temperature
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at pressures between 1 atm and about 8 kbar. If the outer layer
of the moon was completely or largely molten in the final stage
Bf-accretion-of the moon and was followed Sy fractional cfystalli-‘
zation of the molten layer, the follo&ing‘layered_structure‘would
be formed; duni te (olivine), harzburgite (oiiviné+orthopyroxéne),
lherzolite (olivine¥orthopyroxeﬁe+clinopyroxene1p1égioc1ase), |
pyroxene-rich gabbro with ilmenite, and plagioclase—rich gabbro 
'in aéending order. This layered structure is éssentially tﬁe'same
as those originally ﬁroPOSed by Wood et al. (1970) and Anderson

et al. (1970) and appears to be consiétent with the‘petrologicél
‘evidence., It is concluded fhat the model moon composition. (3) or
+gimilar to it is a reascnable bulk composition for the moon.

There are some pfoblems; howéver; forfexample, an important rock
iype, spinel 'trocmﬂitei.cannot be formed in the érystallization
‘sequence. This difficulty could be removed, if plagioclasle began
to crystallize before pyroxene. If the model moon composition

(3) contains more A1203, plégioclase would begin to crystallize
before pyrokgne. The revised model moon composition containingr
3 wtf % more A1203 (Ganaphathy and.Anders, 1974bv) may explain |

 more fully the petrological évideﬂce.
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 STATEMENT ON LUNAR SAMPLE RETURN

The following lunar samples wére received by the
’Prinéipal Investigator. under the G;anf NGR 09—140~Dl7,-and
''all have been returned to the Lunar Sample Curato:,with the
sample histories. The dates of receipt of these samples by
- the Curator are shown. | ‘

Sample number ‘Type of sample* , Date of recipt
. by the Curator
14321,102 - 1-10-72
14321,22  pM R 3-23-72
14162,29 | 3-23-72
14053,6 PM -  3-23-72
14310,22 PM o | 3-23-72
14310,139 3-23-72
15476, 32 ) PTS 8-3-73
15476,13 . o 9~11-74
15016, 11 PM | 11-15-72
15016,143 PTS | 1-29-73
15016,51 | 1~29-73 .
- 15545,2 PTS . 1-29-73
15545,26 | | 1-29-~73
68416,21 . | © g-3-73
68416,78 PM o ' 8-3-73
62295,49 . ' | 1 ~ 8=3-73
62295, 68 PM | X ' 8-3-73
60335,41 - ' 8-3-73
© 60315,84 | ' 8-3-73
60315, 62 P S '8-3-73
60025,132  pM  8-3-73
60025,01 | : 8-3-73

-60335,69 : ‘PM : 7-24-74

*PM, - probe mount; PTS, polished thin section; others;ére
.either rock chip or homogenized powder of ‘rock

S=12 -



70017,110
70017,124
'70017,58
' 73235,65
73235,69
74275, 84
74275, 86
74275,79
77035,73
77035,69
1 77017,5
77017,13
77017,71
77017,85
79215, 54
79215,71
78155,104

PM
PM

- PM

PM

- PM

PM

PM
PM

- PTS

PM
PTS
PM
PTS
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7-24-74
7-24-74

C9-11-74
. 7-24-74

7-24-74
7-24-74.
7-24-74

9-11-74

7-24-74
7-24-74

©g-11-74

9-11-74 -
9-11-74
9-11-74
9-11-74
9-11-74
7-24-74



